INTRODUCTION
lllumination of etiolated angiosperm seedlings releases the arrest in chlorophyll (Chl) biosynthesis through the enzymatic photoreduction of protochlorophyllide (PChlide) to chlorophyllide (Chlide) (Boardman et al., 1978; Bogorad, 1979; Beale, 1985) . In etiolated seedlings, a major part of PChlide is bound to NADPH-PChlide oxidoreductase (POR) (Griffiths, 1978; Apel et al., 1980) . In vivo, this bound "photoactive" PChlide has its main absorbance and fluorescence emission bands at 650 and 655 nm, respectively. It can be easily distinguished spectroscopically from the "nonactive" PChlide with absorbance and fluorescence emission bands at 628 and 635 nm, respectively (Beale, 1985; Ryberg and Sundqvist, 1991) . The PChlide-POR complex is the only known stable protein complex of Chl precursors and is the main constituent of the prolamellar body (Dehesh and Ryberg, 1985) . When illuminated, photoactive PChlide-F655 is photoconverted to Chlide (Litvin and Krasnovskii, 1957; Shibata, 1957) . This reaction proceeds through severa1 intermediate steps that lead to the formation of Chl a with a fluorescence emission maximum at To whom correspondence should be addressed. 682 nm (Litvin and Krasnovskii, 1957) . At the same time, the activity and the protein concentration of POR rapidly decline (Santel and Apel, 1981; Forreiteret al., 1990; Spano et al., 1992) , and the prolamellar body begins to break down and is replaced by thylakoid membranes (Boardman et al., 1978; Bogorad, 1979; Ryberg and Sundqvist, 1991) .
By the time Chl accumulation has reached its maximum rate, only trace amounts of the POR enzyme are detectable (Santel and Apel, 1981; Forreiter et al., 1990; Spano et al., 1992) . This apparent paradox has recently. been solved by the discovery of a second POR enzyme (POR B) that, in contrast to POR A studied thus far in dark-grown plants, is maintained at an approximately constant leve1 throughout the greening process (Armstrong et ai., 1995; Holtorf et al., 1995) . Even though the in vitro activities of POR A and POR B are similar, the expression of their genes during the light-induced transformation of etiolated to green seedlings is distinct, suggesting that both enzymes may play different roles during the formation of photosynthetic membranes (Holtorf et al., 1995) . In this study, the function of the two enzymes was analyzed in a deetiolated (det) mutant of Arabidopsis that lacks both POR A and the photoactive PChlide-F655 when grown in the dark. The det340 mutant Seedlings were grown in the dark for 6 days (E); kept in the dark for 5 days and exposed to dim white light (5 nE rrr 2 sec" 1 ) for 24 hr (L); or kept in the dark for 5 days, exposed to dim light for 24 hr, and redarkened for another 24 hr (D). Two immunoreactive POR polypeptides with molecular masses of 36 kO (lower band) and 37 kD (upper band) are labeled in the sample of etiolated wild-type seedlings. Note that in illuminated wild-type seedlings, the 37-kD POR polypeptide did not reaccumulate when returned to darkness. In the det340 mutant, this polypeptide is not detectable under any of the three conditions tested. WT, wild type.
belongs to a phenotypic class, including del, constitutive photomorphogenic (cop), and fusca mutants of Arabidopsis that show many characteristics of light-adapted plants when grown in complete darkness (Chory et al., 1989; Deng and Quail, 1992; Misera et al., 1994) . Despite its deficiency in POR A and photoactive PChlide-F655, the det340 mutant is able to green when placed in the light. Chl accumulation, however, proceeds abnormally. There is no formation of several intermediate Chlide forms found in etiolated wild-type seedlings as a result of lightinduced PChlide-to-Chlide conversion. The product of the photoreduction is a short-wavelength Chl form with a fluorescence emission at 675 nm; it is the only product of PChlide photoconversion in light-adapted plants (Lebedevetal., 1985 (Lebedevetal., , 1990 (Lebedevetal., , 1991 and is barely detectable upon illumination of etiolated wild-type seedlings (Litvin and Belyaeva, 1971; Schiff, 1980; Durchan and Lebedev, 1995) . No light-harvesting complexes accumulate in the mutant during continuous illumination; however, photosystem core complexes have been detected under these conditions. The results of this study demonstrated that in addition to the known light-dependent route of Chl synthesis that has been studied extensively during illumination of dark-grown plants, a second distinct branch of Chl synthesis exists in green plants that is driven by POR B and does not require POR A.
RESULTS
Several det mutants have recently been identified in our laboratory during a large-scale screening of Chl-deficient mutants of Arabidopsis . From among these, the det340 mutant was selected for detailed study of the two POR enzymes and their role during the light-induced formation of the photosynthetic apparatus.
Two POR polypeptides with apparent molecular masses of 37 and 36 kD have been found in etiolated wild-type seedlings of Arabidopsis and other plant species (Oliver and Griffiths, 1982; Forreiter and Apel, 1993; Holtorf et al., 1995) . The 37-kD polypeptide of Arabidopsis disappears within 4 hr of illumination, whereas the 36-kD polypeptide persists in illuminated plants . Based on their different light sensitivities, the 37-kD polypeptide has been identified tentatively as a POR A protein and the 36-kD polypeptide as a POR B protein Holtorf et al., 1995) . The concentrations of both POR proteins were analyzed in dark-grown det340 mutants and in etiolated wildtype seedlings of Arabidopsis. Total Arabidopsis protein was separated electrophoretically and transferred to nitrocellulose membranes. Protein gel blots were incubated with a polyclonal antiserum raised against a p-galactosidase POR fusion protein expressed in Escherichia coli (Schulz et al., 1989) . In etiolated control seedlings, roughly equal amounts of the two POR polypeptides were detectable (Figure 1 ). During illumination, the putative 37-kD POR A protein disappeared and did not reaccumulate when the seedlings were returned to dark conditions, whereas the concentration of the putative POR B protein decreased slightly when illuminated and increased again when returned to the dark (Figure 1 ). In the det340 mutant, the putative POR B but not the POR A protein was found in dark-grown seedlings. POR B was maintained at a constant level during the subsequent illumination of the mutant seedlings, whereas the POR A protein was not detectable under these conditions (Figure 1) .
The proposed POR A deficiency of the det340 mutant is based on the tentative identification of POR A and POR B polypeptides in the det340 and wild-type seedlings. We tested this Seedlings were either grown in the dark for 6 days (E) or kept in the dark for 5 days and exposed to dim white light (5 nE rrr 2 sec~1) for 24 hr (L). For each sample, total RNA was isolated from 50 seedlings. RNA gel blots were hybridized with gene-specific probes for either POR A or POR B . Note that under dim-light conditions, the decline of POR A mRNA is drastically delayed. In etiolated wild-type seedlings that are exposed to higher light intensities, the POR A mRNA concentration drops much faster (e.g., Armstrong et al., 1995) . WT, wild type. proposal further by measuring the POR A and POR B mRNA concentrations in these two plant samples. Equal amounts of total RNA were separated electrophoretically and blotted onto nitrocellulose sheets. Replica blots were hybridized to POR A-and POR B-specific hybridization probes . Dark-grown det340 seedlings were completely devoid of POR A mRNA (Figure 2) . POR B mRNA, on the other hand, was clearly detectable in dark-grown and illuminated seedlings, even though its concentration was much lower than in wild-type control seedlings (Figure 2) .
Because in etiolated wild-type seedlings PChlide and POR accumulate predominantly in prolamellar bodies (Ryberg and Sundqvist, 1991) , it was of interest to look for these structures in dark-grown det340 mutants that lacked POR A. Ultrathin sections of cotyledons from dark-grown and illuminated det340 and wild-type seedlings were examined in the electron microscope. Plastids of dark-grown mutant seedlings were completely devoid of prolamellar bodies; instead, they contained separate single thylakoid membranes (Figure 3) .
Collectively, the results obtained thus far demonstrate that dark-grown det340 seedlings are devoid of POR A and its mRNA and lack prolamellar bodies. In the following work, the POR A deficiency of dark-grown det340 mutants has been exploited to look for alternative routes of Chl synthesis that, in the absence of POR A, may still operate during the lightinduced assembly of photosynthetic membranes. A comparison of the PChlide contents of etiolated wild-type and dark-grown det340 seedlings revealed even higher pigment levels in the mutant, suggesting that the capacity of that part of Chl biosynthesis leading from glutamate to PChlide had not been reduced in the mutant (Table 1 ). The in vivo states of PChlide in det340 and wild-type seedlings were analyzed by low-temperature fluorescence spectroscopy. The lowtemperature fluorescence spectra of etiolated wild-type seedlings of Arabidopsis showed the two main emission bands with maxima at 635 and 655 nm, which represent the "nonactive" PChlide-POR and the "photoactive" PChlide-POR complexes, respectively ( Figure 4A) . A more precise spectroscopic analysis based on the second derivative and Gaussian deconvolution showed the 635-nm band to consist of three PChlide forms with fluorescence emission maxima at 628, 635, and 642 nm (Boddi et al., 1992 ; data not shown). In contrast to the wild type, in the det340 mutant the major, photoactive PChlide-F655 form was missing ( Figure 48 ). Light flash-induced transformation of PChlide to Chlide is commonly used for the identification of photoactive PChlide. A 1-msec flash illumination of etiolated wild-type seedlings induced a dramatic decrease in the intensity of the PChlide-F655 signal and the appearance of a new fluorescence band with a maximum at -688 nm ( Figure 4A ). This new band has an excitation spectrum of Chlide with the maximum at 440 nm and a shoulder at 420 nm. Under the same light treatment, there was almost no visible change in the low-temperature fluorescence emission spectrum of the det340 mutant, except for a minor decrease in the fluorescence intensity of the main band at 635 nm ( Figure 48 ). At the same time, pigments were extracted from wild-type and det340 seedlings before and after flash illumination, and the concentration of PChlide and Chlide was determined spectroscopically at room temperature. In etiolated wild-type seedlings, a 1-msec white light flash induced the transformation of -80°/0 of the PChlide into Chl a, whereas in the dark-grown det340 mutant, the amount of the photoconvertable PChlide was at the limit of detection and the amount of Chlide formed was -10-fold lower than in the wild type (Table 1) . Thus, both tests demonstrate that the det340 mutant has drastically reduced levels of photoactive PChlide.
Photoactive PChlide-F655 has often been considered to be the only PChlide form in etiolated plants that leads to Chl formation (Boardman et al., 1978; Beale, 1985; Griffiths et al., 1985; Franck and Strzalka, 1992; Litvin et al., 1993) . Thus, as a result of the apparent absence of this pigment form in darkgrown det340 mutants, one might expect a complete block in Chl synthesis. On the other hand, the presence of the second PChlide-reducing enzyme, POR B, in dark-grown and illuminated det340 seedlings suggests that even in the absence of POR A and the photoactive PChlide-F655, Chl should still be synthesized during illumination of the det340 mutant.
Etiolated wild-type and det340 seedlings were exposed to continuous white light at an intensity of 125 pE m-2 sec-I. The wild-type seedlings began to accumulate Chl. However, darkgrown det340 mutants that were exposed to the Same light intensity began to bleach rapidly and subsequently died. Analysis of low-temperature fluorescence emission spectra of these plants revealed that in this light, the intensity of all PChlide fluorescence bands rapidly declined without the concomitant formation of a major new fluorescence band. After 5 hr of continuous illumination, no pigments could be detected in the mutant (Figure 56 ).
When the decrease in fluorescence intensity was analyzed separately for each PChlide form that was present in the fluorescence emission band at 635 nm, it became evident that in the det340 mutant the fluorescence intensity of the PChlide-F635 and the PChlide-F642 forms decreased much faster than that of the PChlide band at 630 nm. An apparent short wavelength shift of total PChlide fluorescence was observed ( Figure  5 ). The decrease of PChlide fluorescence in the illuminated mutants correlated with the appearance of a minor band at -675 nm (Figure 58 ) that has been shown to have an excitation spectrum of Chl a (see below).
To minimize the rapid photodestruction of PChlide and Chlide in the det340 mutant, seedlings were exposed to a drastically reduced light intensity of 5 pE m2 sec-I. Under these light conditions, the photobleaching of the det340 mutant was considerably reduced. The low-temperature fluorescence emission spectra of dark-grown and illuminated det340 seedlings demonstrated that under dim-light conditions, only the PChlide-F635 and the PChlide-F642 forms disappeared, whereas the 630-and 675-nm fluorescence bands persisted and could easily be detected even after 5 hr of illumination ( Figure 5C ; see also Siffel et al., 1987; Lebedev et al., 1990) . The pigment analysis of acetone extracts of the wild-type and det340 seedlings confirmed that Chl a was synthesized and accumulated in both plants (Table 1) . Despite the absence of "normal" flash-induced Chl a formation in the det340 mutant, Chl a reached significant levels after 5 hr of dim-light treatment (Table 1) . However, upon additional illumination, the courses of Chl accumulation in the wild-type and det340 seedlings diverged dramatically. During the next 43 hr of illumination, wild-type seedlings became fully green, whereas the det340 mutant had only a slightly increased Chl content. After 48 hr of dim-light treatment, the total Chl content in the mutant reached ~3 % of that in the wildtype seedlings (Table 1) but to a much lesser extent than in the wild type (Table 1) . Whereas in illuminated wild-type seedlings the Chl a-to-Chl b ratio was roughly 2:1, in the mutant this ratio was 1O:l (Figure 6) . In wild-type seedlings, Chl b is associated mainly with light-harvesting structures, whereas the core complexes of photosystems I and II are devoid of this pigment (Jansson, 1994) . Thus, the reduced levels of Chl b and total Chl may reflect the inability of the mutant to accumulate normal levels of lightharvesting Chl a/b complexes. The presence of the various photosystem I and II complexes in illuminated wild-type and det340 seedlings was analyzed by low-temperature fluorescence spectroscopy. In wild-type seedlings that had been exposed for 22 to 24 hr to either dim or normal white light, the two principal fluorescence emission bands of the core complex of photosystem II at -685 and 695 nm and the broad band of photosystem I at ~7 3 0 nm could be detected ( Figure 5A ). Fluorescence excitation spectra of these three bands demonstrated the presence of lightharvesting complexes with acharacteristic maximum at ~4 7 3 nm (Figure 7) . In det340 mutants that were kept for 22 to 24 hr under dim light, the new fluorescence emission band at 684 nm was detected, with a fluorescence excitation spectrum of the core complex of photosystem II (Lebedev and Barskaya, 1989; Lebedev et al., 1990; Litvin et al., 1993) . The maximum at 473 nm, which is indicative of light-harvesting Chl a/b proteins (Lebedev et al., 1991b) , was absent ( Figure 7 ). In addition to the fluorescence band at 684 nm, the mutant also has a fluorescence emission band at -730 nm that is typical for photosystem I, but the intensity of this band reached only one-fiftieth of that in the wild-type seedlings ( Figures 5A and  5C ). Thus, in the mutant, the formation of light-harvesting antennae and photosystem I is severely impaired.
In wild-type plants that synthesize Chl in the normal fashion, formation of photosystem core complexes and light-harvesting structures occurs, whereas the det340 mutant accumulates only photosystem core complexes but is almost completely devoid of light-harvesting structures. This lesion cannot be caused by a deficiency in Chl per se, because the mutant is able to synthesize Chl b and can accumulate Chl a. During the lightinduced greening process, apoproteins of chlorophyll-protein complexes are known to be rapidly degraded in the absence of appropriate pigments (Mullet et al., 1990) . Thus, the deficiency of light-harvesting complexes in the mutant could be caused by a disturbance of synthesis or stability of the Chl a/b binding proteins. The expression of the corresponding genes in dark-grown and illuminated det340 and wild-type seedlings was analyzed at the protein and mRNA levels. Total RNA was isolated, and the concentration of mRNAs was determined by RNA gel blot analysis. In etiolated wild-type seedlings, mRNAs for Chl a/b binding proteins were barely detectable. During illumination, the concentration of these mRNAs rapidly increased ( Figure 8A ). In the det340 mutant, higher concentrations of these mRNAs were already present in dark-grown seedlings and persisted at this elevated leve1 during illumination ( Figure 8A ). No Chl a/b binding proteins were detected in etiolated wild-type or dark-grown det340 seedlings (Figure 86 ). During illumination, large amounts of light-harvesting complex II proteins accumulated in the wild type, whereas only trace amounts of these proteins were detectable in the mutant ( Figure 8B (A) and (C) Wild type and det340, respectively, exposed to dim white light.
DISCUSSION
The light-dependent reduction of PChlide to Chlide in higher plants is catalyzed by two closely related enzymes, POR A and POR B Holtorf et al., 1995) . Even though the in vitro activities of the two enzymes are similar, the expression of their genes is very distinct, suggesting that the two enzymes may play different roles during the lightinduced transformation of etiolated to green seedlings. Although POR B remains at an approximately constant leve1 in dark-grown and green seedlings, the POR A mRNA and protein rapidly decline during illumination of dark-grown seedlings and soon disappear (Apel, 1981; Armstrong et al., 1995; Holtorf et al., 1995) . In this study, we used the nove1 det340 photomorphogenic mutant of Arabidopsis to analyze the light-dependent formation of the photosynthetic apparatus. Like other photomorphogenic mutants, the det340 mutant mimics the light signal and induces the light developmental program in darkness (Chory et al., 1989; Deng and Quail, 1992) . One of the consequences of this effect is that in the det340 mutant, the POR A mRNA is constitutively down-regulated, and the synthesis of the POR A enzyme is therefore shut off. We have exploited the POR A deficiency of this mutant to analyze the roles of POR A and POR B during the light-induced assembly of photosynthetic membranes. Photoactive PChlide-F655 has been generally considered to be the only PChlide form that leads to the formation of Chlide (Boardman et al., 1976; Beale, 1985; Franck and Strzalka, 1992; Litvin et al., 1993) . In etiolated wild-type seedlings, the photoactive PChlide-F655 is converted upon flash illumination into an intermediate product with a fluorescence emission maximum at 684 nm. Subsequently, that product is transformed into intermediates with fluorescence emission maxima at 690 and 695 nm, before Chl a, with an emission maximum of -680 nm, is formed (Litvin and Belyaeva, 1971) . The POR enzyme that catalyzes the initial photoreduction of PChlide to Chlide is localized within the prolamellar body of etioplasts (Benli et al., 1991; Ryberg and Sundqvist, 1991) . During illumination, (B) det340 seedlings exposed to normal white light. Plants were grown for 6 days in the dark. Cotyledons were taken from plants that were kept in the dark (a) or exposed for 10 min (b), 1 hr (c), 5 hr (d), or 24 hr (e) to either dim white light (5 pE m-2 sec-I) or normal white light (125 WE m-2 sec -'). Cotyledons were immediately frozen at -196"C, and their in situ fluorescence emission spectra were recorded at an excitation wavelength of 440 nm. Note the differences between the fluorescence emission spectra of det340 mutants kept under normal or dim-light conditions. Under normal-light conditions, a rapid bleaching of seedlingsoccurred, and after 5 hr of illumination, no pigments were detectable. In contrast, mutant seedlings kept under dim light accumulated Chl and assembled photosystem I 1 core complexes as indicated by the prominent fluorescence emission band at 684 nm. No such differences between dim and normal conditions were seen in wild-type seedlings (data not shown). Wr, wild type; arb, arbitrary. Seedlings were grown for 6 days in the dark and exposed to continuous dim white light (5 pE m-* sec-I) for up to 48 hr. Each point represents the pigment amounts in single plants that were collected and analyzed after various lengths of illumination. Pigments were extracted from the plants, and the amounts of Chl a and Chl b were determined spectroscopically as described in Methods. WT, wild type.
the prolamellar body disintegrates and the level of the POR A protein declines (Benli et al., 1991; Armstrong et al., 1995) . In dark-grown det340 mutants, however, neither PChlide-F655 nor POR A is detectable and no prolamellar bodies are present within the mutant's plastids. Despite this defect, the mutant synthesizes Chl a. Because Chl formation in the mutant takes place only after illumination, it is tempting to suggest that this Chl synthesis is controlled exclusively by the second lightdependent PChlide-reducing enzyme, POR B, which is still present in dark-grown and illuminated det340 seedlings. The intermediate steps and the rate of the photoconversion of PChlide to Chlide differ in the det340 mutant and in the wildtype seedlings. In the det340 mutant, there was no sudden light-induced change in the size of the PChlide pool. Illumination of dark-grown det340 mutants led only to the formation of a Chl a-like product with a fluorescence emission maximum of 675 nm. The same Chl form is the only product of PChlide photoconversion in light-adapted plants (Siffel et al., 1987; Lebedev et al., 1990 Lebedev et al., , 1991a and can also be detected as a minor component in illuminated etiolated wild-type seedlings (Litvin and Belyaeva, 1971; Durchan and Lebedev, 1995) . After an initial lag phase of 4 to 5 hr, the rate of Chl accumulation increased in wild-type plants and rapidly reached a maximum value that was maintained throughout the next 20 to 24 hr. Most of the Chl that accumulated massively during this rapid greening process is used for the formation of light-harvesting structures. The det340 mutant also accumulated Chl during the first 4 to 5 hr of illumination, but then Chl accumulation slowed, and after 24 hr of illumination, the mutant contained only ~3 % of the Chl of wild-type seedlings.
This enormous difference between the Chl contents of wildtype and det340 seedlings seems to be caused mainly by the inability of the mutant to assemble light-harvesting complexes. This conclusion is based on severa1 independent lines of evidente. The Chl a/b ratio of 2:l in wild-type seedlings changed to 4 O : l in the det340 mutant. Because the bulk of Chl b is known to be associated with light-harvesting complexes (Jansson, 1994) , the reduced level of Chl b in the det340 mutant is in line with the selective deficiency of light-harvesting complexes in this mutant. Similarly, the analysis of Iowtemperature fluorescence emission and excitation spectra confirmed that the core complexes but not the light-harvesting complexes are present in the det340 mutant. Finally, the concentration of the light-harvesting Chl a/b proteins was drastically reduced. Even fully green det340 mutant plants suffered from a deficiency of this protein group (data not shown).
At first glance, the two most obvious reasons why the assembly of the light-harvesting complexes might have been disturbed in the det340 mutant are that the synthesis of either the light-harvesting apoproteins or Chl may be blocked. However, neither of these two possibilities seems to be very likely. The det340 mutant, like other photomorphogenic mutants of Arabidopsis grown in the dark, contains elevated levels of mRNA encoding Chl a/b binding proteins. Moreover, trace amounts of these proteins could be detected immunologically in illuminated det340 mutants. Similarly, impaired assembly of light-harvesting structures in the mutant does not seem to ZioJ , , . , . , , , , . , Plants were either grown in the dark for 6 days (E) or kept in the dark for 5 days and exposed to dim white light (5 nE m 2 sec" 1 ) for 24 hr (L).
be due to the inability of the mutant to synthesize Chl a or Chl b. A third possible reason why the formation of lightharvesting complexes in the det340 mutant was disturbed may be the lack of an additional protein factor that is required for their proper assembly and integration into the photosynthetic membrane. Like other light-harvesting structures, such as phycobilisomes (Redlinger and Gantt, 1982) , the lightharvesting complexes of higher plants may also contain minor linker proteins that are distinct from the Chl binding polypeptides. Because the det340 mutation is pleiotropic, one cannot rule out the possibility that such linker proteins exist and that their synthesis is disturbed in the mutant. Finally, the two POR enzymes may serve different functions and may not be able to substitute for each other. For example, POR A may deliver Chl specifically to the light-harvesting complexes, whereas POR B may provide Chl for the formation of the core particles of the two photosystems. However, this model cannot explain why the POR A protein is only transiently active at the beginning of illumination, whereas the massive accumulation of light-harvesting complexes takes place at a later period, when the POR A concentration has dropped below the limit of detection and the photoactive PChlide-F655 is no longer found in redarkened seedlings. At the beginning of illumination, the det340 mutant that lacks the photoactive PChlide-F655 was extremely sensitive to photooxidative damage. In this respect, the det340 mutant closely resembles other det and cop mutants (Chory et al., 1989; Ang and Deng, 1994) . Chl could be stabilized in the mutant only in extremely dim-light conditions. At higher light intensities that did not affect the Chl accumulation in wild-type seedlings, the det340 mutant rapidly lost all of its pigments. There are reasons to believe that this increase in light sensitivity is related to the mutant's elevated level of PChlide-F635, which is not a part of the photoactive PChlide-F655 complex. This "nonactive" PChlide is primarily responsible for the appearance of excited triplet states of pigments during illumination that lead to the photodynamic damage of plastids (Lebedev et al., 1991c) . Furthermore, the mutant's deficiency in light-harvesting structures seems also to contribute to its increased sensitivity to photooxidative damage. Although light-harvesting Chl a/b proteins have been considered often as tools by which the plant may increase the efficiency of light energy transfer to the reaction centers of photosystems II and I, some evidence suggests an additional second role for these proteins as light scavengers that take part in the protection of the photosynthetic membranes against photooxidative damage (Norton etal., 1994) . Ifthis latter view is correct, POR A may be responsible for the initial assembly of structures that are specifically involved in the photoprotection of the growing photosynthetic membrane at the beginning of the greening process. It is interesting that not only the photoactive PChlide-F655 form and the POR A enzyme are transiently expressed at the beginning of illumination; a group of proteins that are structurally related to the lightharvesting Chl a/b proteins and associated with photosystem II are also expressed (Grimm et al., 1989) . These proteins have been dubbed early light-induced proteins (Meyer and Kloppstech, 1984) . They have also been discussed as being involved in the photoprotection of the photosynthetic membrane (Krol et al., 1995) . Whether pigments derived from the POR A-driven route of Chl synthesis interact with these proteins is not known and is the subject of our work in the future.
METHODS

Plant Material and Illumination Conditions
Arabidopsis thaliana ecotype Columbia wild-type plants and mutants were grown at 22°C on 0.43% Murashige and Skoog basal salt mixture (Sigma) containing 0.8% agar and 2% sucrose. To synchronize germination, the seeds were kept in darkness after sowing at ~4°C for 36 hr, illuminated for 90 min with white light at 22°C, and then returned to complete darkness for 5 days. Etiolated 5-day-old plants were illuminated with continuous white light of luminescence tubes for 1 or more days and then transferred into darkness for 24 hr (where indicated). The intensity of the light was either 5 (low light) or 125 nE nv 2 sec~1 (normal light). For the flash-induced protochlorophyllide (PChlide) photoconversion assay, the dissected cotyledons were maintained on a sample holder under a green safelight, illuminated with a photoflash of 1-msec duration and output energy of 10 mJ located at ~0.5 m from the surface of the cotyledon, and dropped into liquid nitrogen immediately after the flash.
Electron Microscopy
Cotyledons of 5-day-old etiolated or light-grown seedlings of det340 (for deetiolated) or wild-type plants were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.02 M phosphate buffer, pH 7.2, fixed in 2% osmium tetroxide in 0.02 M phosphate buffer overnight, washed in 0.02 M phosphate buffer, and dehydrated in a graded series of methanol. The cotyledons were transferred to propylene oxide (Fluka Chemie AG, Buchs, Switzerland), infiltrated with Spurr's resin (Fluka), and polymerized overnight at 70°C. The ultrathin sections were mounted on collodium-coated nickel grids, poststained with uranyl acetate, and viewed with a Hitachi 600 electron microscope (Rahn AG, Zurich, Swit-zerland). Three different leaf samples were fixed and stained, and -300 plastids o f the det340 mutant were examined in the electron microscope.
Assay of Pigment Composition and Content
For pigment estimation, two cotyledons from each plant were cut, and pigments were extracted under a green safelight with 80% acetone at -4OC. The fluorescence spectra of extracts were recorded with a fluorometer model (LS50; Perkin Elmer AG, Kusnacht, Switzerland) for excitation wavelengths at 433 and 455 nm and emission maxima at 628,645, and 665 nm. The molar extinction coefficients and fluorescence quantum yields were taken as 325,000 and 0.14 for PChlide, 125,000 and 0.24 for chlorophyll (Chl) a, and 175,000 and 0.10 for Chl b. The shapes of the spectra of individual pure pigments were used for correction of the bands overlapping at the selected wavelength.
ACKNOWLEDGMENTS
We thank Drs. Joanne Chory and Lother Altschmied for providing us with seed of the detl mutant and Dr. Elaine Tobin for making available a plasmid containing the Arabidopsis Lhcbl'P gene. The isolation of the det340 mutant was initiated while one of the authors (K.A.) was on sabbatical in the laboratory of Dr. Chris Somerville (Michigan State University, East Lansing, MI). We are extremely grateful to Dr. Somerville and his co-workers for advice and support during this time. We are indebted to Dr. Dorothee Staiger, Dr. Geneviève Frick, and Petra Epple for useful discussions and advice, to Dr. Dieter Rubli for help preparing the figures, and to Renate Langjahr for typing the manuscript. This work was supported financially by the Schweizerischer Nationalfonds. N.L. is grateful for the stipend from the Osteuropaprogramm of the Schweizerischer Nationalfonds.
Received July 13, 1995; accepted October 19, 1995. In Situ Chl-Protein Fluorescence Spectroscopy
The low-temperature fluorescence spectra were recorded for each pair of cotyledons with a homemade low-temperature fluorescence accessory to a Perkin-Elmer fluorometer, similar to that discussed previously (Lebedev et al., 1985) . The samples were frozen at the surface of a plexiglass holder and put into liquid nitrogen for spectrofluorometry. Various excitation and emission wavelengths between 400 and 500 nm and 610 and 700 nm, respectively, were used for activation and detection of the fluorescence of pigment-containing complexes. Correction of excitation and emission spectra, smoothing, subtraction background, and calculation of difference and derivative spectra were performed numerically with a personal computer. ldentification of Chl-protein complexes was performed according to their in situ emission and excitation spectra (Lebedev et al., 1991b) .
Protein lsolation and lmmunodetection
Proteins were extracted from frozen plants (separately for each plant) with 4% SDS and 20% glycerol in 0.2 M Tris-HCI, pH 6.8, according to Griffiths (1978) . After denaturation at 95OC for 1 min and separation from the nonsoluble pellet by centrifugation at 14,000 rpm for 30 sec, the polypeptides were loaded on the surface of an 11% polyacrylamide gel at a concentration of 2 pg per lane, and the gel was run at constant voltage (160 V) for 1 hr. After separation, the proteins were transferred onto a polyvinylidene difluoride membrane by wet blotting at 80 V for 40 min and immunodetected with primary antibodies for NADPHPChlide oxidoreductase (POR) (Schultz et al., 1989) or the lightharvesting complex I 1 apoproteins. Luminescence of immunodetected bands was activated with the Western-Light Plus protein detection kit (Tropix, Bedford, MA).
RNA lsolation and Gel Blotting
Extraction of total RNA, concentration determinations, gel electrophoresis, RNA gel blotting, and washing of the filters were performed essentially as described elsewhere . Hybridization probes derived from the light-harvesting complex Lhcb7'2(Cab3) (Leutwiler et al., 1986) gene and the cloned POR A and POR B cDNAs were prepared, radioactively labeled, and used as previously reported .
